An expression for the correlation factor of impurity diffusion in the diamond structure as a function of five distinct atom-vacancy exchange rates is derived.
Introduction
Substitutional atomic migration in solids often occurs via unoccupied lattice sites. When such a vacancy mechanism is responsible for the diffusion of marked atoms (e. g. radioactive tracers) the effect of correlation between successive tracer jumps must be included in random-walk calculations. Then it turns out that the mean square displacement of an atom is somewhat smaller than to be expected on the basis of the atomic jump frequency T. This can be understood by taking into consideration that after a tracer jump not all possible next tracer jumps have equal probability of occurrence, because there will be a tendency for the tracer to jump bade into the vacancy (so into its initial position). Thus only a fraction / of tracer jumps are "effective" (0 ^ / ^ 1) and we get for the diffusion-coefficient 1
r being the jump distance.
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The correlationfactor / is essential for the interpretation of diffusion coefficient measurements.
Moreover, it can be determined directly by measuring the so-called isotope effect 2~4 .
In order to calculate correlationfactors for impurity diffusion in pure matrices one usually assumes the atom-vacancy exchange rates to be disturbed in the neighbourhood of the impurity, whereas at larger distances from the impurity the vacancy migrates as in the pure material.
Up to now there are three computations on the correlation factor for impurity tracer diffusion by means of vacancies in the diamond structure. MAN-NING 5 ' 6 took into account four different disturbed vacancy jump frequencies to get an expression for /. Since there are some errors in the latter treatment, we thought it worthwhile to reconsider the problem.
Calculation of the Correlation Factor
For diffusion in cubic structures D and so / is isotropic. Therefore it is sufficient to consider migration in a particular direction, e. g. along an Z-axis. It can be shown that for a single vacancy mechanism of diffusion / is given by 9 ' 10 where /= (1 + 0/(1-0, t=p+-p_.
(2)
P+ is the probability that after a tracer jump the next tracer jump is in the same direction compared with that initial jump, P_ is the probability for the inverse direction. The calculation of / in the f.c.c. structure can be simplified by considering migration perpendicular to a mirror plane 4 ' n . Contrary to MEHRER 8 we shall not make use of this possibility for the diamond structure.
As an Z-axis we have chosen the [100] direction.
Let the tracer be situated in the origin T as shown in By inspection of the lattice we find that not all sites in a coordination shell have equal probability of being occupied by the vacancy after a specified number of jumps. Therefore we classify sites into sets with equal occupation probability. In this way there are two sets of A-sites (At and A2, both existing of two sites), four B-sets, eight C-sets, etc.
We assume that the tracer has just made a jump along the negative A-direction into the origin. Immediately after such a jump the vacancy will be at one of the positions A2 . Both positions will have the same probability of being occupied by the tracer In this calculation we shall consider sites as far as the F-coordination shell and moreover G-sites as far as they are 13-th nearest neighbours of T (from all the G-sites they will not only contribute most to the correlationfactor, but also they will be more important than other G-sites when Coulomb interaction between tracer and vacancy is included). Let us now proceed to the calculation of /.
By following the wandering vacancy we shall find the probabilities that after the initial tracer jump the vacancy will arrive once, twice etc. at the sites Ao and Ai without having exchanged position with the tracer. By multiplying these results by the probability that the tracer exchanges position with the vacancy at A, we shall obtain expressions for and P +, respectively and so for /.
We define the occupation probability row matrix
where Po(Aj) is the probability that the vacancy occupies a single AJ-site immediately after the initial tracer jump, so
In a similar way we define the row matrix [pw(A)], an element p"(A;) of which is the probability that,
given the vacancy has been n times available at the single Aj-site to cause the next tracer jump, it is once more available at this A;. Then we write
where an element Pl (AjAi) of the transition probability matrix Pl(AA) is the probability that the vacancy arrives at a specified Aj-site, starting from any site of the set A/-, multiplied by the number of Afc-sites. Thus PI(A,Az) = 2 <7(A,B,-) P(B;By) q(B;Aj) .
q(X, Y) is the probability that the vacancy arrives at a specified site Y in one jump, starting from any site of the set X, multiplied by the number of Xsites, whereas P(B,B;) is the sum of the probabilities that the vacancy (avoiding the A-shell) arrives once, twice, etc. at the specified B;-site, starting from any site of the set B;, multiplied by the number of Bj-sites.
In matrix notation (see 4 )
From Eq. (6) we find
If P(Aj) is the total probability that the vacancy is available at A; for the next tracer jump, then 
I is the unit matrix.
If we multiply P(A,) by the probability g(A/T) that the tracer exchanges position with the vacancy at Aj we find P + and P_ (for i = 1 and i = 2 respectively) . So the expression for t becomes
By inspection of the lattice we find
m>iT+3 w12
From symmetry-arguments we have the equalities
Pl( A1A1)=PI(A2A2).
Using Eqs. (5), (10) to (14) we then get t== 1
"JT Q5)
We can calculate Pl(A2A2) and Pl(A2A!) by use of Eq. (8) Pi (A2A2) = 3 {P (B3B3) + 2 P (B3B4)
To find the elements P(BjB7) of P(BB) we proceed as follows.
As before we define the row matrices [pft(B)]=(p"(B1),pn(B2),...,), /i = 0,l,2,... .
(18)
An element p,((Bj) is the probability that, if the vacancy has been n times available at the single Bj-site for a jump to the A-shell, it is once more available at this B;.
We write
where an element Pl(B^B;) of the square matrix px(BB) is the probability that the vacancy arrives is the sum of the probabilities that the vacancy arrives at the specified C;-site once, twice etc. (along any path, but avoiding the B-shell), starting from any site of the set C,, multiplied by the number of
Cj-sites.
As we assumed the influence of the impurity not to extend beyond the C-shell we can write
P(CC) = (I-(21)
r is a one-jump transition probability matrix, an element T^ of which is the probability that the vacancy occupies the particular site j after n jumps,
given unit occupation probability after n -1 jumps 
By definition
[P(B)] = [p0(B)]P(BB)
This results in The coefficients ßij and yu are given in Table 1 (c/kT = 0). 
Calculation of the Correlation Factor Including Coulomb Interaction
In this section we shall consider the influence upon the correlation factor of a long range electrostatic interaction between an impurity-tracer with a charge e and a vacancy with a charge -e. Such a situation occurs in germanium and silicon for diffusion of group V impurities, which behave as donors in these materials.
As a result of this interaction it will be more difficult for the vacancy to migrate far away from the impurity-tracer, which means more correlation and so a smaller correlation factor. Following Mehrer we shall assume the interaction beyond the Cshell to be of a Coulombic nature. Then, if a matrix atom makes a jump from a position Xj into a vacancy at Xi, the electrostatic energy change between initial and final situation will be e 2 /e Ti -e 2 /e r, ;
E is the dielectric constant of the material. We shall suppose that, when the atom is situated in the saddle point, halfway between both positions, a change of half this amount has occurred. Thus the height of the saddle point barrier will alter with
This is equivalent with the assumption that, the atom being in the saddle point, the charge -e is distributed equally between the two equilibrium positions (cf. LECLAIRE 13 ).
The atom-vacancy exchange rate becomes etc. and
into the large C -D -E ... matrix, which makes a numerical inversion of (I-T) 8 From the foregoing arguments it will be clear, why we arrive at a different (and larger) influence of Coulomb interaction on F (Figure 2 ).
Finally it is interesting to note that in the case of a strongly bound impurity-vacancy pair (3 F w12 2 ivy?) the impurity diffusion coefficient is.
-apart from the creation probability pvj of a vacancy as a nearest neighbour of the tracer -determined by the quantity F w12 , because then, by inserting Eq. (28) in the expression for Dimp Amp ~ / m>it Pvi«* f ^w12pvi.
In the opposite limiting case 3 F ivi2 ^ 2 w\j the correlation factor is equal to unity and so
More information about the diffusion process of group V elements in germanium and silicon might be obtained by measurements of isotope effects *.
